We have made chromium-doped, silica-based preforms and optical fibres by Modified Chemical Vapour Deposition and have studied the influence of the chemical composition of the doped region on the Cr-oxidation states and the spectroscopic properties of the samples. 
Introduction
Optical fibre materials with very broad-band gain are of great interest for developping widely tunable miniature lasers and amplifiers for telecommunications with a wider gain band than commercial erbium-doped fibre amplifiers and other reported rare earth (RE)-doped fibre devices. Tunability in RE-doped fibre lasers is already well established [1] , but is limited to few tens of nanometers due to the intrinsic narrowness of the RE optical transitions. Besides, bulk solid-state lasers materials, doped with chromium, such as Cr 4+ :YAG, have demonstrated very good results as broad-band gain media [2] , and also as saturable absorbers [3, 4] . Therefore, it is of great interest to develop transition metal (TM) ion-doped optical fibres in order to implement their optical properties (as amplifying media or saturable absorbers) into optical fibre-based devices and systems. We have reported for the first time on Cr 4+ -doped silica optical fibres, which in particular exhibited a very broad (>500 nm) luminescence in the near infrared (NIR), centrered at 1250 nm [5] . The choice of vitreous silica for the fibre material is of critical importance, as all operating systems are based on silica fibre technology. Little literature exists on chromium-and other TM-doped vitreous bulk silica, although this issue has already been addressed in the 70's [6] with the aim of lowering attenuation in silica optical fibres. Some reports on chromium-doped glasses have already shown evidence of absorption and NIR fluorescence due to Cr 4+ in these materials [7, 8] . However the techniques used to prepare them and their compositions greatly differ from those of silica optical fibres. Therefore, some basic studies on the optical properties of TM ions in silica-based optical fibres are needed. In particular, the final oxidation state(s) present in the fibre core depends strongly on the preparation technique and some fabrication parameters. Also, the optical properties of one particular oxidation state of a TM ion varies from one host composition and structure to another, due to crystal-field (or so-called ligand field) variations [9] . These various effects render the interpretation of absorption and emission spectroscopy difficult. The aim of this paper is to address some of these issues in the case of chromium, as this element has the best potential for applications. are calculated and compared to literature.
Experimental

Preforms and fibre fabrication
The silica preforms studied here were fabricated by MCVD [10] and were doped with chromium by the classical 'solution doping technique', originally developped for RE-doping [11] . During the MCVD process stage, the silica layers which will eventually constitute the core of the fibre were deposited at a lower temperature than the preceding cladding layers, so that they were not fully sintered and left porous. Then the substrate tube was filled with an alcoholic solution of a Cr 3+ -salt (CrCl 3 :6 H 2 O) and allowed to impregnate the porous layers. After a few hours, the tube was emptied, the layers were dried and fully sintered under nitrogen, and subsequently the substrate tube was collapsed into a 10 mm-diameter preform in the usual way.
In the preform, the doped region (the core) diameter is typically 0. Cr(Ge), Cr(Ge-Al) and Cr(Al), respectively. For the purpose of this study, the preforms were doped using soaking solutions with a relatively high chromium strength. A Cr(Al)-type preform was also prepared with a low chromium concentration solution, and pulled into a fibre having a 10 m-diameter core.
Sample core composition and chromium oxidation state characterization
The chemical composition of each preform core was determined by Plasma Emission Spectroscopy (PES). The core was extracted from the preform by sawing, and then ground before analysis. The nominal sensitivity of this technique (1 ppm) was degraded to ±15% because of the effective core volume estimation. The PES results ( separation. This shows that doping silica fibres with high-strength Cr-solutions causes separation of the core material into Cr-rich phases and silica-rich phases, as was observed in highly rareearth-doped silica fibres [12] . Homogeneously doping these fibres with higher chromium concentrations would be possible only if the silica network was modified with higher concentrations of codopants, like aluminium, phosphorus or boron for instance.
The oxidation states of chromium present in the samples were analyzed by Electron Paramagnetic Resonance (EPR). The measurements were performed on core samples of identical volume extracted from Cr(Ge), Cr(Ge-Al) and Cr(Al) prefoms ( Figure 1 ). The Cr(Ge) and Cr(GeAl) EPR spectra present two well defined bands noted A and B and a band at lower field value, noted C, larger and less well defined than bands A and B. On the other hand, only bands B and C are visible on the spectrum of Cr(Al). On Table 2 are reported the magnetic field and intensities of the EPR bands for the three samples.
Absorption measurements
Absorption measurements on preforms were performed at RT on 2 mm-thick slices. The beam of a white light source was chopped and focused into the core of the sample. The transmitted light was collected by a 100 m-core optical fibre and directed into a motorized monochromator (2 nm steps, resolution 40-80 cm -1 ). Visible and NIR output light was detected by a Si or Ge detector, respectively, and a lock-in amplifier synchronized on the chopper frequency. Absorption spectra were corrected from the apparatus spectral response by performing a second measurement through the cladding of the preform. Several measurements were performed on each sample, giving a ±15 % error on the absorption coefficient. The results for Cr(Ge), Cr(Ge-Al) and Cr(Al) are shown in Figure 2 . As expected from the phase-separated nature of the samples, the absorption spectra show strong background losses attributed to light 7 scattering. However, the bands due to absorption by chromium ions are visible and can be extracted from the background losses (see below).
The absorption spectrum of the preform Cr(Ge) ( Fig. 2(a) ) presents two bands around 15000 cm -1 and 21000 cm -1 . The absorption spectrum of the preform Cr(Ge-Al) ( Fig. 2(b) ) is characterized by a broad absorption band in the visible to NIR range, from 19000 downto 10000 cm -1 . A weak shoulder around 9000 cm -1 on the low energy side of the broad band and a band near 21000 cm -1 are seen. Above 22000 cm -1 , the spectrum resolution is degraded by strong losses and high noise, and is not shown here.
The Cr(Al) absorption spectrum was measured in the low-Cr doped fibre. The transmitted light was detected with the same setup as for the preform samples. The absorption spectrum was corrected from the apparatus spectral response by performing a second measurement with a shorter length of fibre. The absorption spectrum ( Fig. 2(c) ) main features are a very broad absorption band in the visible to NIR range, from 20000 cm -1 downto 10000 cm -1 , and a shoulder around 9000 cm -1 on the low energy side of the broad band. Note that the background losses due to scattering are negligible compared to those in the highly doped preforms. Absorption measurements in the highly doped Cr(Al) preform shown the same absorption shape, but superposed on strong scattering losses. Low temperature (77 K) measurements were also performed on this fibre. Although the spectrum was slightly shifted toward higher energies, from room to low temperature, there was no noticeable difference between both spectra [5] . We observed also this quasi-insensitivity of the absorption to temperature in fibres with different core compositions, in agreement with Ref. [8] in alumino-silicate glasses.
Interpretation and discussion
EPR spectra
On the EPR spectra of Cr(Ge) and Cr(Ge-Al), band A is assigned to Cr 3+ , while band B and band C, which is at a field value approximately the half of the value of band B, are assigned to Cr 4+ ions [13] . Therefore, in these samples, 
Absorption spectroscopy
We have tentatively interpreted the absorption spectra in order to assign each observed absorption band to a particular oxidation state of chromium. This was performed in the goal of confirming the above results and conclusion from the EPR measurements, and also to estimate the respective absorption cross sections of Cr 3+ and Cr 4+ in the silica-based preforms and optical fibres.
Each absorption spectrum was corrected from the scattering background losses and decomposed into a sum of appropriate Gaussian curves. Indeed, the fluorescence and absorption respective behaviour versus temperature [5] can be interpreted from a simple configuration coordinate model, with vibrationally broadened optical transitions [9] . Therefore, a single transition bandshape is approximately a Gaussian, and the global absorption spectrum is a sum of Gaussian curves. The curves parameters were fitted to the experimental data points with a good adjustment. In particular, the peak energies (E) and widths (E) are found well within a ±100-cm -1 error. The ±15 % error on the absorption coefficients () was mainly introduced by measurements errors, and not by the fitting procedure. The parameters found for Cr(Ge) are listed in Table 3 . The corresponding background-corrected absorption spectrum and the obtained Gaussian curves are shown in Figure 3 . The two absorption bands are assigned to Cr 3+ in octahedral symmetry. Their characteristics are very similar to those found for Cr 3+ in other oxide glasses [6] [7] [8] 14, 15] . The spin forbidden 4 A 2 2 E transition is expected to be very weak, and was not observed. Also, no absorption band was found for Cr 4+ , although this oxidation state is present in this sample. This will be discussed later. The same procedure was applied to the absorption spectra of the preform Cr(Ge-Al) and the fibre Cr(Al). The corresponding parameters are listed in Table 3 and the corresponding background corrected absorption and fitted curves are shown in Figures 4 and 5 , respectively. The Cr(Al) spectrum was treated first, because all the bands could be assigned to Cr 4+ . They are tentatively assigned to electronic spin-allowed transitions of Cr 4+ in distorded tetrahedral symmetry Cs [16, 17] . The distortion of the perfect tetrahedral symetry partially lifts the degeneracy of some energy levels such as 3 T 1 ( 3 F) and causes the presence of several peaks assigned to one transition. The Cr(Al) absorption spectrum is similar to those observed in aluminate [7] and alumino-silicate glasses [8] [18, 19] .
In order to compare our optical spectroscopic results with other chromium-doped glasses reported in the literature (although none has a composition close to our silica-based samples), we have derived the ligand field strength Dq, the Racah parameter B and the ratio Dq/B for both Cr
3+
and Cr 4+ in the three samples, from the data in Table 3 , and using the formalism of Tanabe and Sugano [9, 20] The results are listed in Table 4 . We calculated the energy of the split Cr 4+ : 3 A 2 ( 3 F) 3 T 1 ( 3 F) transition as the first order momentum of the sum of the three Gaussian curves. The uncertainties listed in Table 4 are maximum values; they were calculated on the basis of a maximum error of ± 100 cm -1 for the peak energy, estimated from the monochromator resolution and the curve fitting procedure. When considering Dq and Dq/B values for Cr 3+ and Cr 4+ in Table 4 , one sees that chromium ions are in low-to-intermediate ligand field sites, in agreement with reports on other oxide glasses, either silicates doped with Cr 3+ or aluminosilicates doped with Cr 4+ (from [8] ). In our samples, Cr 3+ ions lie in the so-called 'crossing' region of the 4 T 2 and 2 E states (at which Dq/B~2-2.2) like in silicate glasses [14, 15] , but Dq and B are found ~90 cm -1 (6 %) and ~70 cm -1 (10 %) (in average) lower than in these glasses, respectively. This would suggest that Cr 3+ ions are submitted to a lower ligand field in the silica fibres than in classically prepared glasses, and that the covalency of their bonding to the glassy network is increased [20] . Furthermore, Cr 3+ in pure bulk silica is submitted to rather different ligand field conditions than in our samples (Dq = 1600 cm -1 , B = 560 cm -1 and Dq/B = 2.88, from [6] ). This shows that glass network builders, like Ge, and modifiers, like Al and P, induce great spectroscopic properties changes, although these elements are present in low concentrations (~1-2 mol%).
In the case of Cr 4+ , Dq/B is found equal or lower than the 'crossing region' value (Dq/B ~1,6), particularly in the Cr(Al) sample. From the PES, EPR and absorption measurements, the Cr 3+ and Cr 4+ absorption cross sections were calculated for each of their assigned transition. The results are reported in Table 3 .
The estimated uncertainties due to the measurements are ± 45 % for Cr(Ge) and Cr(Ge-Al), and ± 30 % for Cr(Al However, the absorption cross-section of Cr 4+ around 1100 nm in our samples are found lower than in Cr 4+ -doped laser crystals, by one or two orders of magnitude [3] . The only comparison with Cr 4+ -doped glasses that can be done is with aluminate [7] and alumino-silicate glasses [8] .
Although theses reports did not give actual absorption cross-section values around 1100 nm for absorption spectrum, although this valency constitutes 36 % of the total chromium content.
Conclusion
In three different types of chromium-doped silica-based preforms and optical fibres, we have assigned the absorption bands to spin allowed electronic transitions of two oxidation states of chromium ions. We have also estimated the respective absorption cross-sections of these transitions. By slightly modifying the concentration in germanium and/or aluminium (of less than 2 mol%) in the core of the samples, their optical properties are greatly modified. In particular, we Table 2 
